Background: While floral symmetry has traditionally been assessed qualitatively, recent advances in geometric morphometrics have opened up new avenues to specifically quantify flower shape and size using robust multivariate statistical methods. In this study, we examine, for the first time, the ability of geometric morphometrics to detect morphological differences in floral dorsoventral asymmetry following virus-induced gene silencing (VIGS). Using Fedia graciliflora Fisch. & Meyer (Valerianaceae) as a model, corolla shape of untreated flowers was compared using canonical variate analysis to knockdown phenotypes of CYCLOIDEA2A (FgCYC2A), ANTHOCYANIDIN SYNTHASE (FgANS), and empty vector controls. Results: Untreated flowers and all VIGS treatments were morphologically distinct from each other, suggesting that VIGS may cause subtle shifts in floral shape. Knockdowns of FgCYC2A were the most dramatic, affecting the position of dorsal petals in relation to lateral petals, thereby resulting in more actinomorphic-like flowers. Additionally, FgANS knockdowns developed larger flowers with wider corolla tube openings.
Background
Natural diversity in gene expression, divergence, and function can now be examined in non-model organisms and across clades [1, 2] with the advent of new molecular tools and improved genetic resources (e.g., transcriptomes and an increasing number of genomes). In angiosperms, a growing number of non-model plants are emerging to characterise the role(s) of specific genes, or gene copies following polyploidization, in the evolution of morphological novelty, especially as it pertains to floral development (e.g., flexibility in floral structures in Nigella (Ranunculaceae) [3] ; inflated calyx syndrome in Physalis (Solanaceae) [4] ; and pollinator shifts in Mimulus (Phrymaceae) [5] ). Examining gene function relies on assaying phenotypic shifts following experimental changes in the amount, location, or timing of candidate gene expression. Pinpointing precise phenotypic differences, however, can be challenging when the shift is subtle or due to redundant gene function. It can also be more difficult because of natural variation already present in the genomes of wild populations. Therefore, there is a need to be able to quantify fine-scale shape changes when using reverse genetics. Here, we use the non-model plant, Fedia graciliflora (Valerianaceae), to show the power of coupling reverse genetics with geometric morphometric techniques to quantify morphological variation.
Valerianaceae (Caprifoliaceae; Dipsacales) comprises seven genera (c. 350 species) and exhibits considerable diversity in floral form and fruit type [6, 7] . Prior molecular work provides strong evidence that at least three morphologically circumscribed genera are embedded within other lineages [8] , and, thus, represent unique opportunities to study the evolution of novel characters and their underlying genetic mechanism(s). One such example, exemplified by the embedded genus Fedia Gaertn. (3 spp.) within Valerianella Mill. (c. 50 spp.), is the evolution of larger, strongly zygomorphic pink flowers with two ovate dorsal petals and marginal hairs, glabrous and elongated lateral and ventral petals developing distinct dark pink pollination guides, and elongated corolla tubes (Fig. 1a ) [9] from a pseudo-actinomorphic, smaller white flowered lineage. Cytotaxonomic [10] and genome size [11] studies reveal that Fedia likely evolved as the result of polyploidization (x = 8; 2n = 32; 2C = 1.14-1.79), possessing almost twice as much genomic content based on DNA flow cytometry compared to Valerianella (x = 8; 2n = 16; 2C = 0.39-0.61; [11] ). Examination of 10 native populations of Fedia graciliflora Fisch. & C.A. Mey. across the Mediterranean revealed diploid chromosome numbers were identical with a single hexaploid exception (2n = 48); however, chromosome structure indicates that translocation, (i.e., the breaking and reattaching of two non-homologous chromosomes) is a common phenomenon [10] , a finding also observed in Arabidopsis populations [12] , which partially explains the high amount of within population variation. Collectively, the recent evolution of morphological characters including strongly zygomorphic flowers, plus the dynamic genomic structure of Fedia, make this a valuable genus to study the molecular mechanism(s) of phenotypic transitions.
One phenotype often associated with plant diversification and adaptive evolution is floral symmetry [13] [14] [15] , with shifts to zygomorphy (i.e., bilaterally symmetrical flowers) [16] considered more specialised due to correlations with increased speciation rates [17] likely associated with changes in pollination syndrome [18] . Shifts from actinomorphic to zygomorphic flowers have repeatedly been shown to involve recruitment of several transcription factors, with the greatest focus on the ECE clade of TCP genes (i.e., CYCLOIDEA (CYC) and DICHOTOMA (DICH) in the CYC2 clade [19, 20] ). Examination of multiple independent shifts to zygomorphy reveals expression of CYC-like genes from the ECE clade [20] is restricted to the dorsal region (i.e., toward the upper petals) of the corolla (see [21, 22] ) with loss-of-function mutants of CYC-like genes resulting in more radial-like flowers occurring in both asterids and rosids [19, [23] [24] [25] . Additionally, duplications of CYC-like genes often correlate with shifts to bilateral symmetry [15, 26] . In Antirrhinum, both CYC2 gene clade members have redundant function, and the lossof-function of both copies in parallel is necessary to generate a fully radial flower. Fedia graciliflora possesses two paralogs of the CYC2 gene clade, CYC2A and CYC2B, resulting from a duplication around the divergence of the bilaterally symmetrical Caprifoliaceae from the radially symmetrical Adoxaceae [27] . The general expression patterns of CYC2 genes are that CYC2B is expressed in both dorsal and lateral petals, while CYC2A becomes more restricted to the dorsal petals [28] . Given this general pattern, we hypothesize that knocking down a single CYC2-like copy will result in a partial shift to radial symmetry in F. graciliflora. Because loss-of-function mutants are not readily available for most non-model plants, we utilise virus-induced gene silencing (VIGS) to assay gene function. The technique has increasingly been used in evolutionary developmental biology (evo-devo) studies (e.g., [3, 5, 25, [29] [30] [31] [32] [33] [34] [35] [36] to downregulate a number of protein coding genes implicated in floral development where stable transformation protocols are not available [37] [38] [39] . VIGS facilitates the downregulation of either individual or multiple genes simultaneously [29, [39] [40] [41] ; and, recently, it has been shown capable of knocking down epigenetic modifiers involved in RNA-directed DNA methylation in Arabidopsis [42] . Additionally, VIGS is useful for studying the regulation of plant growth and differentiation originating in the meristem and floral organs (e.g., [43, 44] ), and, unless targeted, it does not compromise fertility [45] . VIGS generally results in mosaic phenotypes with large amounts of variation across knockdowns [39-41, 46, 47] . In examining floral shape and symmetry, interpreting these variable results can be complex; thus, a reporter gene is often simultaneously knocked down in conjunction with the gene(s) of interest (GOI) to verify successful inoculation, and presumably downregulation [30, 37, 48] . One often targeted reporter gene in floral tissues is ANTHOCYANIDIN SYNTHASE (ANS; [3, 37, 49, 50] ), which is an enzyme that plays a key biochemical role in each of the three major anthocyanin pathways of land plants [51] . VIGS of ANS should result in unpigmented floral tissue due to the downregulation of the anthocyanin pathway without altering floral shape (see Fig. 1 ; Additional file 1). Even when using discernable reporter genes, however, a large amount of natural variation and subtle shape changes can still make interpretation difficult. For this reason, we incorporate geometric morphometrics (e.g., [52] [53] [54] ) to more precisely quantify and visualise morphological variation in size and shape, including patterns of symmetry [55] [56] [57] [58] [59] [60] [61] .
Here, for the first time, we couple geometric morphometrics with VIGS in plants to statistically analyse shape and symmetry changes that result from knocking down the CYCLOIDEA2A-like (CYC2A) ortholog of the CYC2 clade [20] in Fedia graciliflora. We quantify and compare floral shape and size data from untreated (Fig. 1a) , mock-treated (empty TRV2) control plants (TRV2-E; Fig. 1b) , ANS knockdowns (TRV2-FgANS; Fig. 1c ), double CYC2A and ANS (TRV2-FgCYC2A + TRV2-FgANS; Fig. 1d ) knockdowns, and single CYC2A (TRV2-FgCYC2A; Fig. 1e ) knockdowns to quantify and characterise potential shape changes in loss of function FgCYC2A and FgANS plants. Our findings of consistent shifts in petal position of the corolla corroborate similar results in other plants (e.g., Antirrhinum [19] and Pisum [25] ) that a loss of function of a CYC2A-like ortholog results in a more radially symmetrical flower. We also show that FgANS knockdowns confer subtle changes in floral shape and size, especially with regard to length of the dorsal petals and the size of the corolla tube opening, suggesting the enzyme may be directly or indirectly involved in flower growth and development.
Methods

Plant growing techniques
Seeds of Fedia graciliflora Fisch. & C.A. Mey. were purchased from Malta Wild Plants (www.maltawildplants.-com). All seeds were cold stratified at 4°C prior to surface sterilization and subsequent germination using standard methods. Seedlings were transplanted to individual pots (4 × 4 × 4 cm) and grown under 117 W of full spectrum (6500 K) T5 florescent lights at 20-22°C for 3-4 weeks to promote vegetative growth. To initiate flowering, 39 W of full spectrum bulbs were replaced with red light spectrum (2700 K) bulbs on each shelf of the growth chamber. FgANS and FgCYC2A knockdown plants were inoculated with recombinant Agrobacterium tumefaciens (A. tumefaciens) cultures between 2 and 4 weeks after red light conditions were implemented and at the onset of inflorescence development.
Cloning FgANS and FgCYC2A
Total RNA was isolated from flash-frozen, pooled F. graciliflora floral bud samples (i.e., buds collected at the onset of flowering through pre-anthesis) using an RNeasy Plant Mini Kit (Qiagen, Valencia, CA) following the manufacturer's protocol, and including the on-column RNase-Free DNaseI step (Qiagen, Valencia, CA). cDNA was generated from 2 μL of total RNA using the Superscript III One Step RT-PCR kit with Platinum Taq (Invitrogen, Alameda, CA). The FgANS gene was cloned using degenerate primers (Additional file 2) based on GenBank accessions of Chrysanthemum × morifolium (Asteraceae; EU810810), Ipomoea hederifolia (Convolvulaceae; AB61 8110), Gerbera hybrid cultivar Tacora (Asteraceae; AY 997840), Dahlia pinnata (Asteraceae; AB591830), and Lactuca sativa (Asteraceae; AB525912). The FgCYC2A gene was cloned as previously described [27] . Conserved, sequence specific primers (Additional file 2) were used to generate primary amplicons of FgANS and FgCYC2A, which were re-amplified using appended sequence specific primers including XbaI and BamHI restriction sites (Additional files 2 and 3). The full-length sequence of FgCYC2A was amplified using 5′ and 3′ RACE (Rapid Amplification of cDNA Ends; SMARTer RACE 5′/3′ Kit, Clontech; Additional file 2) for the development of primers in regions lacking sequence similarity with other CYC-like paralogs. All PCR products were sequenced, verified using BLAST (NCBI), and deposited in GenBank (KX981057 and KX981058).
Viral inoculations
Tobacco rattle virus (TRV) binary expression vectors containing RNA1 and RNA2 [62, 63] were generated by ligating antisense fragments of FgANS (455 bp) and FgCYC2A (296 bp) into the pTRV2 binary vector to generate pTRV2-FgANS and pTRV2-FgCYC2A recombinant vectors, respectively (Additional file 3).
Recombinant pTRV2 constructs were introduced into A. tumefaciens (strain EHA105) (ATCC) via the freezethaw method and maintained on LB media containing 25 mg L −1 rifampicin (selection for EHA105) and 50 mg L −1 kanamycin (selection for binary vector). Liquid cultures were initiated from LB selection plates by subculture to 5 mL of LB selection broth. These cultures were incubated at 28°C for 48-72 h with shaking, after which they were inoculated into 30 mL LB containing 200 μM acetosyringone and incubated for 12-24 h, resuspended in infiltration media (10 mM MgCl 2 , 10 mM MES, 200 μM acetosyringone) to an optical density of 0.8-1.0, and incubated at 25°C for 2 h [63] . Co-infiltration of A. tumefaciens suspension containing pTRV1 with pTRV2-E (1: 1), pTRV2-FgANS (1: 1), pTRV2-FgCYC2A (1: 1), or pTRV2-FgCYC2A + pTRV2-FgANS (1: 1: 1) was inoculated into the two sets of leaves immediately subtending developing inflorescences using a needleless syringe to increase viral load as previously described [62] . In addition to 14 untreated plants, 56 plants were inoculated as follows: 6 TRV2-E, 15 TRV2-FgANS, 8 TRV2-FgCYC2A, and 27 TRV2-FgCYC2A + TRV2-FgANS. Plants were left in a humidity chamber overnight for co-cultivation after which they were returned to the growth chamber.
Quantifying expression and downregulation of FgANS and FgCYC2A
Buds from each treatment were examined and collected 2-3 weeks post inoculation. Six biological replicates, each representing an independent inoculation, were obtained for each treatment, including untreated, and flash frozen in liquid nitrogen prior to total RNA extraction following the protocol previously mentioned. Buds from TRV2-FgANS and TRV2-FgCYC2A + TRV2-FgANS inoculated plants were preferentially selected based on their downregulated phenotype, while those inoculated solely with TRV2-FgCYC2A were sampled randomly. Primers were developed to amplify fragments of FgANS (360 bp) and FgCYC2A (169 bp) (Additional file 3) for quantitative real-time PCR (qPCR) analysis ( Fig. 2 ; Additional file 4). PCR products were sequenced and BLAST verified (NCBI). RNA samples were normalised to 2 ng mL −1 and qPCR was performed using the iScript One-Step RT-PCR kit with SYBR Green (Bio-Rad, Hercules, CA). Relative expression levels of FgANS, FgCYC2A, FgCYC2A + FgANS, and the reference gene, GLYCERALDEHYDE 3-PHOSPHATE DEHYDROGENASE (GAPDH), were calculated for three biological replicates run in duplicate (two technical replicates) using the 2 -ΔΔCT method [64] . Assays of FgANS, FgCYC2A, FgCYC2A + FgANS, and the reference gene were conducted in 96-well plates on a Bio-Rad MyIQ Single Color Real-Time PCR Detection System (Bio-Rad, Hercules, CA).
Geometric morphometric analysis of symmetry
Here, we test the hypothesis that resultant phenotypes of F. graciliflora generated by VIGS knockdown of FgCYC2A and FgCYC2A + FgANS develop distinct morphologies in terms of shape and size compared to knockdowns of FgANS, mock-treated (TRV2-E) controls, and untreated controls. We used geometric morphometric methods combined with multivariate statistical shape analysis to test for differences between untreated and different knockdown floral phenotypes (e.g., [65, 66] ). One hundred thirty-six flowers from a total of 70 plants were photographed in an identical manner using a Lumenara camera (Model # Infinity2-1C-ACS) mounted to a Zeiss Stemi-2000-C stereomicroscope. Given the mosaic nature of VIGS, flowers developing a whitish corolla tube (untreated is deep maroon) were randomly selected from plants in which FgANS was knocked down. Flowers from untreated, TRV2-E, and TRV2-FgCYC2A were all chosen at random. Upon removal from the inflorescence, reproductive structures of each flower were cut off and the flower was placed petals up in water. Prior to placing landmarks, images were reviewed and the following criteria was used in selecting the final image dataset: (1) flowers represented fully mature and open flowers; (2) no portion of the flower was submerged in water or folded over; and (3) the location of landmarks was devoid of overlapping reproductive structures that may affect reproducibility in landmark placement. For each photograph, a suite of 10 landmarks was collected in two dimensions using tpsDig2 version 2.17 [67] to characterise the architecture of F. graciliflora flowers (Fig. 1a) . These landmarks were located either at the points of intersection between primary and secondary veins with the petal margin or at the junction of petal bases. Fedia graciliflora flowers possess an axis of bilateral symmetry that runs between the dorsal petals through the middle of the ventral petal (described by landmarks 1 and 6, Fig. 1a) , and which was taken into account with the method of object symmetry [56] [57] [58] 60] . Following this approach, the original configuration of landmarks is populated by paired landmarks that are mirror images of each other relative to the axis of symmetry and are located outside of it, while unpaired landmarks lie on the axis of symmetry. First, the original configurations of landmarks are duplicated, and then, these copies are reflected with an appropriate relabelling of the paired landmarks. Thereafter, a Generalized Procrustes fit is applied to the doubled dataset and removes extraneous information of size, location, and orientation, to extract shape data according to a least squares criterion. A mean shape configuration (consensus) is computed and variation around this mean (e.g., [65, [68] [69] [70] ) is decomposed into biologically meaningful components. Because we are interested in differences between the untreated flowers and phenotypes of all treatments at the population level, we only consider the component of symmetric shape variation, which is computed by averaging the Procrustes coordinates for the original and appropriately transformed and relabelled copies of the landmarks of each individual. Consequently, the two-way mixed model Procrustes analysis of variance (ANOVA) traditionally used in studies of bilaterally symmetric structures is simplified here and the total shape variation is decomposed according to the main effect of 'individual' and measurement error due to imaging and digitising [58, 60, 71, 72] . To test for measurement error due to imaging and digitising, each flower was photographed twice and each picture was digitised twice.
Centroid size, the most common and explicit measure of size in geometric morphometrics, was computed as the square root of the sum of the squared distances of all landmarks from their centroid (e.g., [65, 73, 74] ). A one-way ANOVA was used with centroid size to test for differences in size between the untreated flowers and all other treatments (Additional file 5). The statistical significance of pairwise differences in size was assessed via Tukey's 'Honest Significant Difference' (HSD) with adjustment for the multiple comparisons as implemented in R [75] (Additional file 5). To avoid potential confounding effects among groups due to size in our analyses, we used a pooled within-group multivariate regression of the Procrustes coordinates on centroid size [76] . The statistical significance of the relationship between the shape variables and the centroid sizes was assessed by a permutation test with 10,000 rounds of random permutations [76, 77] . There was a significant effect of size on shape (P-value = 0.002) and the regression of shape on centroid size accounted for 3.6% of total shape variation.
To test for differences in shape and to visualize the patterns of variation between the untreated controls and knockdown treatments, we used a canonical variate analysis (CVA). This is a discriminant analysis designed to maximize variation among groups and minimize variation within groups to obtain the best possible segregation among groups (e.g., [78] [79] [80] [81] [82] ). Since there was a significant effect of size on shape, we used only the residual component of the regression of shape on centroid size for the CVA that is separated from the allometric component of within-group variation and size-related differences between groups. The statistical significance of pairwise differences in mean shapes was assessed by a permutation test using Procrustes distance (e.g., [53, 65, 70] ), which is the standard metric in landmark based methods describing a measure of morphological difference among groups (e.g., [83] ) (Additional file 6). We also used a discriminant analysis to make specific pairwise comparisons between the average overall shape of untreated flowers compared to the mean shape of each treatment to visualise the average shape departure of each group compared to the untreated samples. All analyses were carried out using MorphoJ [84] and R [75] .
Results
Knockdown of FgANS and FgCYC2A genes
To characterise putative shape changes resulting from loss-of-function of FgCYC2A and FgANS, we developed the tobacco rattle virus (TRV)-mediated VIGS system [62, 85] in F. graciliflora. Binary vector constructs (pTRV1 and pTRV2) were introduced into A. tumefaciens and were used to express antisense fragments against the target gene transcripts. Our strategy was three-fold:
(1) to develop an efficient RNA-silencing system specific to F. graciliflora; (2) to apply this system to examine the putative role of FgCYC2A in F. graciliflora floral development; and (3) to characterise resultant mutant phenotypes using geometric morphometric analysis. To utilise VIGS in F. graciliflora, an antisense fragment of FgANS was placed under the constitutive control of a double CaMV35S promoter (TRV2-FgANS; Additional file 3). Although several means of inoculation were attempted, including vacuum infiltration and floral dip, direct needleless syringe infiltration through the underside of leaves immediately preceding the developing inflorescences yielded the most consistent downregulation of FgANS (the same was observed for FgCYC2A).
Of the 42 plants inoculated with TRV2-FgANS or a combination of TRV2-CYC2A + TRV2-FgANS, all 42 plants produced at least some flowers exhibiting reduced levels of ANS. As previously observed [3, 37, 49, 50] , VIGS of the ANS ortholog resulted in mosaic phenotypes, and the degree of downregulation varied from mild to strong, ranging from mostly white flowers with scattered anthocyaninfilled cells to splotchy anthocyanin-filled areas to completely downregulated white flowers (Additional file 1). Mock-treated plants (TRV2-E) were also compared to examine any possible effect that A. tumefaciens infiltration and subsequent systemic movement of the viral constructs into the meristem had on overall floral morphology.
Quantitative real-time PCR (qPCR) expression analysis was carried out on floral buds obtained from untreated controls (N = 7), TRV2-FgANS (N = 6), TRV2-FgCYC2A (N = 3), and TRV2-FgCYC2A + TRV2-FgANS (N = 3) treated plants to confirm downregulation was due to the knockdown of endogenous transcripts by viral inoculants (Fig. 2) . No difference was detected between untreated and TRV2-E flowers (Additional files 7 and 8); however, significant reduction in FgANS transcript abundance was observed when comparing untreated levels to those detected in either TRV2-FgANS (P < 0.001) or TRV2-FgCYC2A + TRV2-FgANS (P < 0.001) knockdowns (Fig. 2a) . To ascertain that the observed phenotypic variability of the corolla was due to knockdown of FgCYC2A, we compared levels of endogenous FgCYC2A transcript abundance in untreated buds with TRV2-FgCYC2A single knockdowns and TRV2-FgCYC2A + TRV2-FgANS knockdowns (Fig. 2b) . A non-significant decrease in endogenous transcript levels was found in TRV2-FgCYC2A + TRV2-FgANS plants compared to untreated samples, while a significant decrease (P < 0.01) in endogenous transcript levels was observed between the untreated and TRV2-FgCYC2A plants (Fig. 2) .
Geometric morphometric analyses of VIGS knockdowns
ANOVAs for measurement error in the untreated samples reveal that the 'individual' main effect is significant, which means that the variation among flowers greatly exceeds the measurement error due to imaging (Additional file 9). 'Imaging' error represents the variation due to measurement error in taking pictures of the same individual in separate sessions. This term is significant, which means that the imaging error is larger than the error due to digitising. 'Digitising' error is the variation due to measurement error in digitising the same picture of the same individual in separate sessions. These results suggest that the biological variation at the population level largely exceeds all sources of measurement error due to imaging and digitising in the untreated sample. Similarly, measurement error is also negligible in all analyses involving other treatments.
CVA plots display the patterns of morphological segregation for the component of symmetric shape variation among different groups (Fig. 3) . CV1 accounts for 66.78%, CV2 for 20.53%, and CV3 for 10.53% of the amount of relative between-group variation. CV1 displays shape changes that primarily affect the width of the corolla tube and the location of dorsal and lateral petals. Specifically, from the negative to the positive direction, the landmarks placed at the tips of dorsal petals move downward and slightly away from the axis of symmetry, while the landmarks at the tips of the lateral petals move upward and slightly away from the axis of symmetry. CV1 separates all treatments from each other, with the greatest variation occurring between untreated samples and FgCYC2A knockdowns. Of note, both single gene knockdown plants of FgANS and FgCYC2A showed more of a shift from the negative to positive direction in CV1 than the FgCYC2A + FgANS double knockdown plants. CV2 represents shape changes that shift dorsal and lateral petals away from the axis of symmetry, with only minimal change along the dorsoventral axis. CV2 most clearly separates FgCYC2A from FgANS knockdowns, with dorsal and lateral petals closer to the axis of symmetry in FgANS and farther from the axis of symmetry in FgCYC2A. Collectively, CV1 and CV2 describe morphological change from zygomorphic to actinomorphic-like flowers. CV3 describes morphological differences that are mainly localised to the ventral region of flowers, but also reveals subtle changes to the dorsal region with mock-treated (TRV2-E) flowers having shorter ventral petals than the untreated controls (Fig. 3) .
Pairwise comparisons made between untreated samples and each treatment (Fig. 4) reveals that flowers from TRV2-E plants were very similar to uninoculated flowers, with subtle differences in petal lengths. Furthermore, FgANS knockdown plants were also similar in overall shape to untreated ones, but with wider corolla tubes, shorter dorsal petals, and lateral petals shifted slightly toward the dorsal petals. Although flowers from FgCYC2A knockdowns were more extreme, both FgCYC2A and FgCYC2A + FgANS knockdowns demonstrated similar changes in morphology, with a definite shift toward a more radially symmetrical flower. Specifically, dorsal and lateral petals both lengthened and moved toward each other, decreasing the angle between them. Non-parametric tests reveal that all pairwise comparisons made among these groups are highly significant (Fig. 5, Additional file 6 ), which suggests that phenotypes from different knockdown treatments, as well as untreated flowers, are distinct from each other, with the largest morphological difference in 95% confidence ellipses of means for each group is represented (filled ellipses with dashed contours). The outline drawings of flowers show shape changes associated with each CV from the overall average shape (dotted outline and open circles) for CV1 scores of −3 and +4, for CV2 scores of −3 and +2, and for CV3 scores of −2 and +2 (solid black outline with grey background and solid black circles). Note that these outline drawings are an interpolated form of presentation from the actual landmarks based on the thin-plate spline technique that makes it easier to visualise shape changes. This means that the relevant information in this CVA is from the positions of the landmarks, not from the outline drawings petal position relative to the axis of bilateral symmetry exhibited by FgCYC2A knockdowns compared to untreated controls.
The ANOVA for centroid size concerning the comparisons among treatments suggests that there is a difference in size between untreated controls and all knockdown treatments. The statistical significance of pairwise differences in size was further assessed via Tukey's 'HSD' with adjustment for multiple comparisons and indicates that there are significant differences in size between untreated flowers and FgANS knockdowns, with the latter being slightly larger, between TRV2-E and FgCYC2A knockdowns, between FgANS and FgCYC2A knockdowns, and between FgCYC2A + FgANS and FgCYC2A knockdowns, with FgCYC2A knockdown flowers being slightly smaller than all other treatments, including the untreated controls (Fig. 6 , Additional file 5).
Discussion
Significant variation within knockdown flowers of Fedia graciliflora
As the number of tools for examining gene sequence, expression, and function continues to expand, the ability to utilise non-model species to better understand molecular processes is also becoming more tangible. These nonmodel species and clades provide a broad spectrum of natural variation to examine how changes in molecular sequence ultimately can shift morphology [26] . The ability to examine gene expression and function across a more diverse array of species can allow, for instance, comparisons of multiple iterations of the same morphological shift [86] , or stepwise changes in morphology [28, [87] [88] [89] .
VIGS is a powerful technique for examining knockdown phenotypes in non-model plants that is less labor intensive and more rapid than stable transformation approaches [40] . In Fedia graciliflora, for instance, it Fig. 4 Pairwise comparisons of the untreated samples versus each treatment obtained via a discriminant analysis. The outline drawings of flowers show the shape change deviations from the untreated average shape (dotted outline and open circles) for each treatment (solid black outline with grey background and solid black circles) for a Procrustes distance of +0.1. Note that these outline drawings are an interpolated form of presentation from the actual landmarks based on the thin-plate spline technique that makes it easier to visualise shape changes. This means that the relevant information is from the positions of the landmarks, not from the outline drawings Fig. 5 Procrustes distances among all possible pairs of groups. P-values for all pairwise tests are presented as follows: ****, P < 0.0001; ***, P < 0.001; *, P < 0.05 took an average of 3-4 weeks post inoculation to observe a downregulated phenotype. Unfortunately, VIGS phenotypes can be difficult to assay given that the knockdown of a GOI is often mosaic and transient [39-41, 46, 47] . To further complicate the assessment of VIGS knockdown phenotypes, inherent and heritable natural variation within recently evolved species can be difficult to tease apart. Despite the possible genomic background diversity in Fedia, it still poses as a very useful group for developmental studies of floral symmetry as each of the three species has strongly zygomorphic flowers with distinct dorsoventral arrangement of the petals. Additionally, F. graciliflora is fast growing and produces upwards of 100 flowers per plant.
Quantifying shape change in FgCYC2A knockdowns
The role of CYC2-like genes in patterning floral symmetry has been examined across angiosperms, with much of the focus on the crown group of flowering plants, the core eudicots (see [21, 26] ). Across core eudicots, including Dipsacales, the expression of CYC2 paralogs are dorsally restricted in bilaterally symmetrical flowers [21, 90] . We have previously shown that the degree of dorsal restriction is correlated with the differentiation between the dorsal and ventral regions (i.e., the degree of zygomorphy) in other Dipsacales species [22, 28] . In both asterid and rosid clades, loss-of-function of one or more CYC2 paralogs results in a shift toward a more radially symmetrical, ventralised flower [19, 23, 25] . In Antirrhinum, both CYC2 paralogs, CYC and DICH, must simultaneously exhibit a loss of function to generate a fully radial flower [19] . The loss of function of each paralog separately results in only a partial loss of bilateral symmetry, with CYC mutants conferring a stronger phenotype than DICH mutants [19] , indicating the two paralogs have evolved a level of functional redundancy.
Along with the dorsal restriction of CYC2 paralogs, zygomorphic lineages tend to maintain two or more copies of CYC2-like genes (see [21, 26] ). In Dipsacales, a duplication occurred around the diversification of the zygomorphic Caprifoliaceae s.l. resulting in two CYC2-like copies (DipsCYC2A and DipsCYC2B), both of which have orthologs (or additional paralogs through subsequent duplications) that are retained in most lineages, including F. graciliflora (i.e., FgCYC2A and FgCYC2B) [22, 27] . Therefore, by knocking down a single CYC2 paralog in F. graciliflora, FgCYC2A, we expect a partial loss of bilateral symmetry.
In fact, given the variable flowers of F. graciliflora, the mosaic nature of VIGS, and the functional redundancy of CYC2-like gene copies, it was difficult to consistently determine a knockdown phenotype by eye alone. However, by utilising geometric morphometrics to quantify shape change from photographs of flowers chosen randomly from each of the treatments, the shift toward a radially symmetrical flower was evident in both FgCYC2A and FgCYC2A + FgANS knockdowns compared to other treatments, as described by changes in CV1 and CV2 (Fig. 3 ) and in pairwise comparisons (Fig. 4) . Typical untreated flowers of F. graciliflora have an elongated ventral petal, that is often weakly clawed and lateral petals that are typically non-clawed and slightly shorter (Fig. 1a) . Both ventral and lateral petals have thick, dark pink bands of anthocyanin pigment near the corolla opening serving as pollination guides. Dorsal petals, on the other hand, are shorter and often more rounded, and always lack additional pink markings. In contrast to untreated flowers, FgCYC2A knockdowns highlighted the expected phenotype, with a partial shift toward a more radially symmetrical flower. Lateral and dorsal petals appeared more ventralised, with both developing longer petals on average in comparison to untreated ones. Dorsal petals also often contained anthocyanin markings, similar to ventral and lateral petals. The location of petals shifted away from the dorsoventral axis into more radial positions as well, with dorsal petals shifting ventrally and lateral petals shifting dorsally (Fig. 4) .
CVA reveals differences among all treatments
CV3 slightly separates TRV2-E from the other groups, which could be capturing natural variation in ventral petal length among sampled plants, given the subtle shape change and overlap among the data. CV1 and CV2, on the other hand, describe a shift toward a more radially symmetrical flower. Untreated and mock-treated (TRV2-E) plants overlap in CV1, with an increasing shift toward the positive direction separating FgCYC2A + FgANS from FgANS and FgCYC2A knockdowns. FgCYC2A and FgANS knockdowns are the furthest in the positive direction, with both groups having flowers with wider corolla tubes and lateral petals shifting in the dorsal direction. In both FgCYC2A and FgANS knockdowns, dorsal petal landmarks are shifted ventrally; however, we hypothesize that different morphological shifts are forming this result. In FgCYC2A knockdowns, dorsal petals move ventrally by increasing the angle between the dorsal petals, as seen in CV2 and in pairwise comparisons (Figs. 3 and 4) . In FgANS knockdowns, the dorsal petal landmarks appear to move downward because the dorsal petals are shorter (see Fig. 4 ). Furthermore, the CVA plots indicate that shape differences in FgANS and FgCYC2A knockdowns are opposing each other in CV1, as the double knockdowns are not shifted as much as either single knockdown. This is likely because dorsal petals of FgCYC2A knockdowns are longer and farther from the axis of symmetry, while those of FgANS knockdowns are shorter and closer to the axis of symmetry, suggesting a possible direct opposition between length and placement of dorsal petals.
These data indicate that ANS could confer subtle changes in floral morphology, especially since CV1 and CV2 together separate FgANS knockdowns from all other treatments. Traits such as the concentration of ANS pigments in flowers and the width of the corolla tube opening have been shown to be correlated with pollinator preference [91, 92] , suggesting that ANS could be involved in other, non-pigment traits related to pollination. It is also possible that subtle shape shifts in FgANS knockdowns could be the result of energy or resource allocation, since the thick anthocyanin guides are no longer being generated. In F. graciliflora, ANS is utilized differently in the lateral and ventral petals, indicating it is being regulated asymmetrically in this group. Regardless, because ANS is used as a reporter gene to discern successful inoculation and has previously been used in VIGS [3, 32, 37, 49, 50] , researchers should be aware of the potentiality for small shifts in growth.
Procrustes distance and centroid size
Using geometric morphometrics has allowed us to quantify the Procrustes distance among untreated flowers and each of the experimental treatments (Fig. 5) . As expected, untreated flowers were the most similar in shape to the mock-treated controls, while the greatest shape difference occurred between untreated and FgCYC2A knockdowns flowers. These types of data could be used to test hypotheses about the efficiency of protocol design. For instance, VIGS protocols for double gene knockdowns typically include both genes on a single TRV2 construct [32, 36, 37, 93] , although when using the Barley Stripe Mosaic Virus, researchers have successfully inoculated and downregulated genes with fragments on two separate TRV2 constructs [94, 95] . Our double knockdowns of FgANS and FgCYC2A utilised the latter protocol, as the initial aim was to utilise FgANS to visualise successful downregulation. In the double knockdowns, TRV2-FgANS and TRV2-FgCYC2A were added in a (1: 1) ratio, resulting in only half the concentration of each vector being added compared to single knockdowns. Our results show a stronger phenotype in the single FgCYC2A knockdowns when compared to the double knockdowns, with the shape distance between each treatment and the untreated flowers being more than 1.5 times larger (around 1.66) in the single knockdowns. Examining average shape pairwise comparisons (Fig. 4) , the double knockdowns show a similar direction of landmark movement as the single FgCYC2A knockdowns, but they are not as shifted. Future experiments could include examining shape distance following a double knockdown that utilises a single TRV2 vector containing portions of both FgANS and FgCYC2A. Calculating Procrustes distances between the control and different treatments in a given experiment could be used to compare efficiency among protocols.
In addition to overall shape distance, the centroid size varied among the treatments as well. FgCYC2A knockdowns had a significantly smaller centroid size then all the other treatments, perhaps due to a more radially symmetrical flower and/or by the development of smaller flowers overall. FgANS knockdowns, on the other hand, had a centroid size that was significantly greater than the untreated controls, perhaps due to a more elongated flower and/or by the development of larger flowers overall. The double knockdowns are more similar to FgANS knockdowns than to FgCYC2A knockdowns supporting the hypothesis that the loss of anthocyanin pigment may mean that more energy is available for growth, resulting in slightly larger flowers.
Conclusions
The power of coupling VIGS with geometric morphometrics Using VIGS on non-model species, such as Fedia graciliflora, can serve to provide fast, useful information about gene function provided that the morphological changes can be quantified and clearly analysed. While geometric morphometrics has long been used in animal studies, there is an increasing interest in using it to analyse flower and leaf shape (e.g., [3, 14, [96] [97] [98] [99] ), in taxonomic (e.g., [13, 100] ), in ecological (e.g., [101, 102] ), and in evolutionary contexts (e.g., [3, [103] [104] [105] ). Here, for the first time, we illustrate how geometric morphometrics can be effectively used to quantify the phenotypic effects of knocking down a single CYC2 paralog, FgCYC2A, as well as the reporter gene, FgANS. Future studies could examine the specific components of shape that are effected by each CYC-like paralog to better determine (1) whether different paralogs exhibit partially redundant function; and (2) how the cumulative effect of the paralogs adds together to form increasing complexity in shape. This opens a wide range of new potential applications to further understand the genetics and developmental origins of morphological variation in flowers, particularly in the context of symmetry and asymmetry that is hypothesised to have played an important role in the adaptive diversification of angiosperms.
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